Flavour physics is a priceless window on physics beyond the Standard Model. In particular, flavour violation in the lepton sector looks very promising, as high precision measurements are prospected in future experiments investigating on µ → e conversion in atomic nuclei: the predictions for this observable are analysed in the context of the type I Seesaw mechanism. Furthermore, new ideas to explain the Flavour Puzzle recently appeared, mainly based on a possible dynamical origin of the Yukawa couplings and on flavour symmetries. The focus of this proceeding will be set on the Minimal Flavour Violation ansatz and on the role of the neutrino Majorana character: when an O(2)N flavour symmetry acts on the right-handed neutrino sector, the minimum of the scalar potential allows for large mixing angles -in contrast to the simplest quark case-and predicts a maximal Majorana phase. This leads to a strong correlation between neutrino mass hierarchy and mixing pattern.
Introduction
Despite the Standard Model (SM) success [1, 2] , experimental evidences for non-vanishing neutrinos masses, the presence of dark matter and the matter-antimatter asymmetry are calling for New Physics (NP) beyond the SM. Even within the theoretical context of the SM, puzzles such as the Hierarchy and the Flavour problems need as well an interpretation in terms of new particle physics.
At present, no evidence for non-standard particles beyond those in the SM spectrum has been claimed at colliders and this has a strong impact on theories beyond the SM, such as supersymmetry or models with a strongly interacting dynamics: the scale of new states/resonances expected in these contexts must be not lower than the TeV level (increasing in this way the intrinsic fine-tunings of those realizations). Nevertheless NP could also manifest indirectly through non-standard interactions, resulting in (still sizable) deviations from SM predictions for specific observables. This possibility has been deeply investigated in recent times both in the gauge-Higgs [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and the flavour sectors [16, 17] .
The presentation at the Moriond conference reviewed the prospects on Flavour Violation (FV) on the lepton sector: in particular, following Ref. [18] , the prospects of µ → e conversion Figure 1 : Ratio of the µ → e conversion rate in Al (green lines), Ti (blue lines) and Au (red lines) to Br(µ → eγ) (solid lines) and to Br(µ → eee) (dashed lines) for the entire range in mass mN here considered. Lines are dotted when they require, for µ → eγ and µ → eee, a sensitivity better than the one expected at planned experiments [18] .
Interestingly, the ratios exhibit a different mass dependence and therefore can be useful to confirm/exclude scenario among the range of possible models. As an example, if the rates for µ → eγ and µ → e(T i) are measured and their ratio is found to be ∼ 1, then from Fig. 1 the scale m N will be either 10 3 GeV or 10 4 GeV, since there is a discrete degeneracy. Having determined the scale in this way, this type of models predicts the µ → eee rate; in the given example, Fig. 1 signals a ratio among the rates of µ → e(T i) and µ → eee of ∼ 10 (∼ 1) for 10 3 GeV (10 4 GeV), a prediction that could be checked against experiment. Note also that in the region 2 − 7 TeV the conversion rate vanishes whereas µ → eγ and µ → eee are still observables.
The maximum scale for right-handed (RH) neutrino masses that future µ → e conversion experiments could probe is above the 1000 TeV scale. This sensitivity extends to very low masses, as low as ∼ 2 GeV for the Titanium case. As a result, planned µ → e conversion experiments will be fully relevant to detect or constrain scenarios with RH neutrinos in an impressive mass range.
Dynamical Yukawas
We move now to more theoretical aspects, reviewing some attempts done in the field for trying to shed some light on the origin of the Flavour Puzzle of the SM.
Yukawa couplings are the all and only source of flavour violation in the SM, where they arise at the renormalisable level. In beyond the SM frameworks one can follow two different approaches. From an effective field point of view, the Yukawa couplings can be though as arising from higher dimensional operators once heavier states are integrated out. The best known example is the Seesaw mechanism, in its different variants, where integrating out the heavier Majorana neutrino states resulted into the Weinberg effective operator at large energies. In this case, the Yukawa couplings explicitly break the flavour symmetry as in the SM.
Alternatively, one can take the picture in which Yukawa couplings correspond to dynamical fields of the fundamental theory. Once these fields develop vacuum expectation values (vevs) in the flavour space, a spontaneous breaking of the flavour symmetry occurs. The first attempt in this direction has been proposed in Ref. [26] by Froggatt and Nielsen: a global U (1) symmetry was assumed to act horizontally on the different fermion families; the SM spectrum is then enriched by a scalar field that only transforms under the flavour U (1), usually called flavon; the Yukawa couplings arise as effective couplings written in terms of the vev of the flavon over the cutoff of the theory. In this way, the top quark mass appears at the renormalisable level, while all the other fermion masses originate from higher dimensional operators. In this light fermion masses suppression, relatively to the top scale, can be explained. The Froggatt-Nielsen model can indeed describe fermionic masses and mixings in agreement with present observations (see Refs. [27, 28] for a recent discussion), but suffers in general from the appearance of too large flavour changing neutral currents (FCNCs) [29, 30] .
The Froggatt-Nielsen proposal is at the origin of an abundant literature: the flavour symmetry G f has been considered gauged/global, continuous/discrete, Abelian/non-Abelian. In particular, models based on discrete symmetries received attention in the last years (see Refs. [31] [32] [33] [34] [35] for reviews), due to their ability in predicting specific neutrino mixing patters, such as the TriBimaximal mixing. The Lagrangian of such models is invariant under a certain discrete symmetry and accounts for a scalar potential that is adjusted to spontaneously break G f , leaving two different subgroups preserved, one in the neutrino sector and the other in the charged lepton one. It is the mismatch of these two subgroups that leads to the Tri-Bimaximal pattern. The main advantages of these models are their predicting power, the absence of Goldstone bosons due to the symmetry breaking and the suppression of FCNCs as discussed in Refs. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Despite of their success, however, the downsides of the discrete symmetry approaches are that there is no rationale for choosing a particular discrete group, that the neutrino mixing and spectrum are not correlated, that it is difficult to account for leptons and quarks simultaneously, and finally that the relatively large measured value for the reactor angle θ 13 . Recent developments on discrete symmetry models can be found in Refs. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] .
Continuous flavour symmetries have also been deeply investigated, but mainly connected to the Minimal Flavour Violation (MFV) [60, 61] ansatz. In shorts, MFV is nothing else the requirement that all sources of flavour violation in the SM and beyond the SM is described at lowenergies uniquely in terms of the known fermion masses and mixings. MFV emerged in the last years clearly as the most promising working framework consistent with the extremely stringent FCNC constraints [62] [63] [64] [65] [66] [67] [68] [69] [70] . Indeed, several distinct models based on the MFV ansatz [6, 12, [71] [72] [73] [74] [75] [76] [77] are still consistent with a NP scale at the TeV, while comparable models without the MFV hypothesis are forced to have a scale larger than hundreds of TeV [78] .
The power of MFV descends from the fact that it exploits the symmetries that the SM itself contains in a certain limit: that of massless fermions. For example, in the case of the Type I Seesaw mechanism with three RH neutrinos added to the SM spectrum, the flavour symmetry of the full Lagrangian, when Yukawa couplings and the RH neutrino masses are set to zero, is:
Under the flavour symmetry group G f fermion fields transform as
The Yukawa Lagrangian for the Type I Seesaw mechanism, then, reads:
To introduce L Y without explicitly breaking G f , the Yukawa matrices Y i and the mass matrix for the RH neutrinos M N have to be promoted to be spurion fields transforming under the flavour symmetry as:
The quark masses and mixings are correctly reproduced once the quark spurion Yukawas get background values as
where y U,D are diagonal matrices with Yukawa eigenvalues as diagonal entries, and V a unitary matrix that in good approximation coincides with the CKM matrix. For lepton masses and mixings the discussion is more involved and it is postponed to Sect. 3.2. Despite of the phenomenological success, it has to be noticed that, however, MFV does not provide byh itself any explanation of the origin of fermion masses and/or mixing, or equivalently does not provide any explanation for the background values of the Yukawa spurions. This observation motivates the studies performed in Refs. [68, 70] (see also Refs. [79] [80] [81] [82] for earlier attempts towards a dynamical origin of the Yukawa couplings), where the Yukawa spurions are promoted to dynamical scalar fields: the case in which a one-to-one correlation among Yukawa couplings and fields is assumed, Y i ≡ Y i /Λ f , is discussed at length. Moreover, other possible choices, such as for example
, are also considered. The scalar potential constructed out of these fields was studied in Refs. [68, 70] , considering renormalisable operators (and adding also lower-order non-renormalisable terms for the quark case): these effective Lagrangian expansions are possible under the assumption that the ratio of the flavon vevs and the cutoff scale of the theory is smaller than 1, condition that is always satisfied but for the top Yukawa coupling. Int this case a non-linear description would be more suitable.
It turns out that the Majorana nature of neutrinos has a deep impact on the results: in Ref. [70] , it was analysed a particular Type I SeeSaw model with two degenerate RH neutrinos, corresponding to an O(2) N flavour symmetry for the right-handed neutrino sector; at the minimum of the scalar potential a large mixing angle -in contrast to the simplest quark case-and a maximal Majorana phase are predicted. This lead to a strong correlation between neutrino mass hierarchy and mixing pattern. In the following, we will show [83] that this result can be generalized to generic type I Seesaw models.
The quark sector
In Ref. [68] , it has been considered the case in which the quark Yukawa spurions correspond to dynamical fields of some fundamental theory, developing vevs through the minimization of a specific scalar potential (see also Refs. [79, 81] 
The renormalisable scalar potential for the quark Yukawa fields Y U , Y D depends only on five c independent invariant [67, 68] :
The terms in the first line of Eq. (6) turn out to be responsible for fixing the quark mass hierarchies (see Ref. [87, 88] for an alternative approach), while the term in the second line is the only involving the mixing angle θ. Considering as exemplification the two-family case, (as the three family case is conceptually similar but with more complicate expressions), one obtains that
Minimizing with respect to θ, the following condition must holds:
There are only two possible solutions to the previous equation: either the same type quarks are degenerate or the mixing angle is vanishing. Only the second solution is a good (first order) approximation of the data. Then a Cabibbo like angle could be generate, for example, from sub-leading (higher order) terms. Considering non-renormalisable terms in the scalar potential, one notice that the first one containing information on the mixing angle can arise only at d = 8. The scalar potential minimization predicts a mixing angle of the order of
with c is a free (order one) parameter. A reasonable value for the Cabibbo angle is recovered only if c ∼ 10 −10 , clearly not natural in an effective Lagrangian approach.
In conclusion, the promotion of the quark Yukawas spurions to dynamical fields transforming in the bi-fundamental of the flavour group G f does not lead to a successful description of the quark mixing, for two or three families, not even if non-renormalisable terms are included. On the other side, if the Yukawas are thought as effective terms coming form the dynamics of scalar fields transforming in the fundamental of G f , it is indeed possible to recover a hierarchical spectrum among two families and a mixing angle [68] . However, this strategy does not lead to a realistic description of the three-generation case, unless one introduces at the same time fields transforming in the fundamental and in the bi-fundamental, loosing however a direct connection between Yukawa couplings and flavons.
b In order to avoid the appearance of Goldstone bosons, corresponding to the spontaneous breaking of the flavour symmetry, G q f can be gauged. See Refs. [73, 74, [84] [85] [86] c Here we are assuming that G f contains the U (3)i factors. Consequently the operators det (Yi) are not invariants, differently from what considered in Ref. [68] , where the flavour symmetry contained instead only the SU (3)i part. The effects of det (Yi) in the potential are to push towards degenerate mass configurations [68] .
The lepton sector
When discussing the MFV ansatz in the leptonic sector one has at disposal three different spurions, as can be evinced from the list in Eq. (4). The number of parameters that can be introduced in the model through these spurions is much larger than the low energy observables. This in general prevents a direct link among neutrino parameters and FV observables. The usual way adopted in the literature to lower the number of parameters consists in reducing the number of spurions fron three to two: for example in Ref. [63] M N ∝ 1 is taken; in Ref. [66] , a two-family RH neutrino model is considered with M N ∝ σ 1 ; finally in Ref. [69] 
An unifying description for all these models can be obtained by introducing the Casas-Ibarra parametrization [89] : in the basis of diagonal mass matrices for RH neutrinos, LH neutrinos and charged leptons, the neutrino Yukawa coupling can be written as
where v is the electroweak vev, the hatted matrices are light and heavy neutrino diagonal mass matrices, U refers to the PMNS mixing matrix and R is a complex orthogonal matrix,
A correct description of lepton masses and mixings is achieved assuming that Y E acquires a background value parametrised by a diagonal matrix,
while the remaining spurion, M N or Y ν , accounts for the neutrino masses and the PMNS matrix (see Refs. [63, 66, 69] ). In Ref. [70] , the simple model with only two heavy RH neutrinos is considered [66] . The spurion fields Y E and Y ν are promoted to dynamical fields, Y E and Y ν , and the corresponding scalar potential is studied. As for the quark case, the scope of the analysis was to explain the origin of the spurion background values, necessary to correctly describe the measured lepton masses and mixings.
In the following, still focusing to a two-flavon model, we first generalise the analysis presented in Ref. [70] by considering a generic mass matrix for the RH neutrinos. Then we will discuss the limit of degenerate RH neutrino masses. Finally, we briefly explore also the case in which a third flavon, the RH neutrino mass, is introduced. Through all the discussion we will first concentrate in the two-family case and only subsequently we will generalise the results to three families.
Generic RH neutrino masses:
A generic RH neutrino mass matrix breaks explicitly the U (2) N factor. As a result, the flavour symmetry of the kinetic terms reduces to
Fermion and flavon fields transform under G f as in the two-family version of Eqs. (2) and (4), but neglecting the transformations under the RH neutrino symmetry factor U (2) N , that is explicitly broken. Alike to the quark case, only five independent invariants can be obtained at the renormalisable level:
The possibility of including a generic 2 × 2 matrix, A, in the neutrino invariants is a novelty compared to the quark case and it is possible thanks to the transformation properties of the neutrino Yukawa flavon, Y ν ∼ (3, 1). Analogously in the quark case, starting from the five invariants in Eq. (13) it is build the corresponding renormalisable scalar potential. Terms in the first line account for the lepton masses while the operator in the second line fixes the mixing angle:
with P ≡ R M N A M N R † and U being the two-family PMNS matrix defined by
Minimising the potential term in Eq. (14) with respect the angle θ and the Majorana phase α, the following two conditions result:
Beside trivial configurations, Eq. (16) allows the following solution [83] :
The first expression connects the low-energy and the high-energy phases, while the second one represents a link among the size of mixing angle and the type of the neutrino spectrum. It is the Majorana neutrino character that allows this novel connection. However, the presence of the generic matrix A prevents the possibility of making clear predictions for the mixing angle.
Degenerate RH neutrino masses:
In the case with degenerate RH neutrino masses, M 1 = M 2 ≡ M , the flavour symmetry is
This is the largest possible symmetry for the RH neutrino sector, once non-vanishing masses for RH neutrinos are considered. The independent invariants [83] , at the renormalisable level, still include those in Eq. (13), but since Y ν ∼ (2, 1,2), insertions of a generic matrix A is not allowed anymore: the only possible choice for building operators invariants under G f are A = 1 and A = σ 2 . Among the three invariants that can be written with the insertion of A = σ 2 , only one is not vanishing,
An equivalent way to rephrase this operator, without the explicit presence of σ 2 , is given by
Summarizing, the basis of invariants for the case of degenerate RH neutrino masses contains all the operators listed in Eq. (13) with A = 1, plus the operator in Eq. (20) . Moreover, one can
show that the degeneracy of the RH neutrino masses leads to a simplification of the general R and P matrices, that can be written as,
Consequently, the first condition in Eq. (17) implies a maximal Majorana phase,
for a non-trivial mixing angle. However, this does not imply observability of CP violation at experiments, as the relative Majorana phase among the two neutrino eigenvalues is π/2. Next, the second condition in Eq. (17) can be rewritten as
which agrees with the results in Ref. [70] , for the particular choice of ω. d Eqs. (22) and (23) define a class of extrema of the scalar potential: in particular, a large mixing angle is obtained from almost degenerate masses, while a small angle follows in the hierarchical case. It is, however, necessary to discuss the full minimisation of the scalar potential in order to identify the angle configuration corresponding to the absolute minimum. In Ref. [70] it was shown that degenerate neutrino masses are a good minimum of the scalar potential and therefore one can conclude that the maximal angle solution is indeed a good minimum.
Notice that the results in Eqs. (22) and (23) (20) is absent, then at the minimum ω = 0 and therefore the mixing angle turns out to be vanishing, accordingly to Eq. (23) (see Ref. [70] for more details). On the contrary, the operator associated to σ 2 allows the degenerate mass configuration to be a good minimum and therefore, it selects the maximal angle solution as a configuration that minimises the scalar potential. It is interesting to recover the minima of the scalar potential, using a different parametrisation than the Casas-Ibarra one: the bi-unitary parametrisation. The latter consists in decomposing a general matrix as a product of a unitary matrix, a diagonal matrix of eigenvalues and a second unitary matrix. We will work in the basis in which the RH neutrino and charged lepton mass matrices are diagonal. The neutrino Yukawa coupling, vev of the Y ν field, reads in this parametrisation
with U L,R being unitary matrices andŶ ν = diag(y ν 1 , y ν 2 ). The light neutrino mass matrix is then given by
Using of the Von Neumann's trace inequality and the freedom of redefining the electron and the muon fields, from the analysis of Tr
d In the notation of Ref. [70] , ω is defined as e ω ≡ y/y .
where unphysical phases have been dropped for simplicity. Furthermore, the invariant in Eq. (20) leads at the minimum to the following structure for U R
besides the trivial one. The light neutrino mass matrix arising in this context is then given bŷ
whereỹ ν i contain all the unphysical phases appearing in U L,R . As a result, the PMNS matrix reads [83] :
and therefore describes a maximal mixing angle θ = π/4 and a maximal relative Majorana phase 2α = π/2, in agreement with the discussion that followed Eq. (23).
RH neutrino mass as a flavon:
The high predictive power of the degenerate RH neutrino mass case is connected to the symmetry factor O(2) N , that allows to write the invariant in Eq. (20) . One then may ask whether other symmetries produce the same or similar results. In the case of
the full Lagrangian is invariant only after the promotion of M N to a dynamical field, properly transforming under U (2) N . The operators in Eq.(13) are invariants of G f , but A = 1 is the only possible choice: in particular, the operator in Eq. (20) is not an invariant anymore. Moreover, other three additional operators are allowed:
and enter the basis at the renormalisable level. By using the bi-unitary parametrisation of Eq. (24), it is straightforward to see that
or an equivalent configuration. This result, together with Eq. (26), leads to a vanishing mixing angle.
Summarizing the results for the two-family case, only when the flavour symmetry in the lepton sector includes accounts a O(2) N factor then a maximal angle is a solution at the minimum of the scalar potential, together with a relative Majorana phase of π/2 and a degenerate light neutrino spectrum.
Generalisation to the three-family case
Moving to the realistic scenario of three families of charged leptons and light neutrinos, it is possible to consider either two or three RH neutrinos (as one of the light neutrino can be massless). In the former case, the interesting case where G f accounts for the factor O(2) N is not satisfactory anymore, as the large angle would necessarily arise in the solar sector (only degenerate masses in tho case) and would lie in the wrong quadrant (see Ref. [70] for further details).
When three RH neutrinos are considered, much of the previous results still hold. If M N is not promoted to be a dynamical field and neither degeneracy among the eigenvalues is present, then the symmetry is a trivial generalisation of Eq. (12) to three generations and no clear prediction for the mixing angles can be recovered. If M N is instead a field transforming under an additional U (3) N factor, then the symmetry is that as in Eq. (1) and no mixings are predicted at the minimum of the scalar potential.
All these results are strictly valid considering the scalar potential at the renormalisable level, as the higher order operators are expected to be negligible, under the assumption that the ratio of the flavon vevs and the cutoff of the theory is smaller than 1. Adding non-renormalisable terms to the lepton scalar potential is currently under investigation.
A second condition has been assumed when extracting the previous results: all the invariants were constructed by means of fields transforming in the bi-fundamental representation of the flavour symmetry. An interesting possibility, that has been already studied for the quark case [68] , is to add fields in the fundamental representation of G f and analyse the interplay with the bi-fundamental ones. This naturally happens when two, out of three, RH neutrinos are degenerate in mass [83] : this case corresponds to the flavour symmetry
and the neutrino Yukawa field Y ν accounts for two components: a doublet and a singlet of O(2) N . Interestingly, two mixing angles can be described in this case: one maximal mixing angle and a maximal Mojarana phase arises in the degenerate sector, as previously, while a second sizable angle is generated due to the interplay with singlet state. This appears as a very promising context as only the third mixing angle remains to be accounted for and it could arise due to small perturbations on the neutrino mass matrix.
